CTAB assisted synthesis of MnFe;O4@ SiO» nanoparticles for magnetic
hyperthermia and MRI application

Roya Kavkhani ?, Abdollah Hajalilou™"", Ebrahim Abouzari-Lotf®, Liliana P. Ferreira ®-",
Maria Margarida Cruz”, Mostafa Yusefi ©, Elahe Parvini', Alireza Bali Ogholbeyg?,

Umi Nabilah Ismail &

@ Department of Materials Eng., University of Tabriz, Tabriz 51666-16471, Iran

b Biosystems and Integrative Sciences Institute (BioISI), Faculdade de Ciéncias, Universidade de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal

¢ Karlsruhe Institut of Technologie (KIT), Institute of Nanotechnology (INT), Hermann-von-Helmholtz-Platz 1,76344 Eggenstein-Leopoldshafen, Germany
4 Department of Physics, University of Coimbra, 3004-516 Coimbra, Portugal

€ Malaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra, 54100 Kuala Lumpur, Malaysia

f Department of Physical Chemistry, Faculty of Chemistry, University of Tabriz, Tabriz 51666-16471, Iran

& Department of Biomedical Imaging, Faculty of Medicine, University of Malaya, 50603 Kuala Lumpur, Malaysia

ARTICLE INFO

Keywords:

Ferrite nanoparticles
Hyperthermia
Cytotoxicity
Core-shell

DAPI

1. Introduction

ABSTRACT

Magnetic fluid hyperthermia (MFH) has been proven as a promising cancer therapeutic approach in conjunction
with chemotherapy or physiotherapy in patients. The research to find innovative materials with a higher specific
absorption rate (SAR) to reduce the dose of magnetic nanoparticles in tumor treatment through MFH while being
also adequate for Magnetic Resonance Imaging (MRI) is important. Herein, MnFe»O4 NPs were synthesized with
different sizes, using NaOH or NH4OH as a reducing agent, via a green-assisted hydrothermal route. A tetraethyl
orthosilicate with the assist of cetrimonium bromide was used to fabricate SiO, @MnFe;04 NPs. Based on the
Mossbauer and XRD results an undesired amount of a-Fe;O3 was found in the samples synthesized with NH4OH.
Concentration-dependent cellular toxicity values were evaluated by invitro 3-(4,5 dimethylthiazol-2-yl)—2,5-
diphenyltetrazolium bromide (MTT) assay on A549 cells, where bare and silica coated nanoparticles exhibited
non-toxicity below 691 pg/mL and 566 pg/mL, respectively. The ability of bare MnFey04 as the MRI contrast
agent was higher compared to the silica-coated sample, The heating efficiency of the ferrofluids was recorded at
128 kHz and 10 kA/m and the highest SAR value was 39 W/g for the pristine MnFe;O4 NPs, making them
promising potential materials in MRI and cancer treatment.

of mesoporous silica with magnetic nanoparticles and other functional
molecules culminated in new types of hybrid nanocarrier platforms for

There is always a demand to develop innovative materials and
methods to mitigate tumors or cancer in human societies. Magnetic
resonance imaging (MRI) is a non-invasive important technique for the
diagnosis and post-therapy assessment of a variety of diseases [1]. The
MRI technique offers several advantages such as excellent temporal and
spatial resolution, the lack of exposure to radiation, rapid in vivo
acquisition of images, and a long effective imaging window. However,
MRI is much less sensitive than nuclear medicine or fluorescence im-
aging to monitor small tissue lesions, molecular activity, or cellular
activities [2]. The use of superparamagnetic nanoparticles in contrast
agents for MRI improved the quality of their results and the combination

cell imaging, diagnosis, and therapy [2]. Furthermore, the heat gener-
ation of magnetic nanoparticles (MNPs) under an alternate magnetic
field is considered a promising therapy for tumor or cancer treatment, in
conjunction with chemotherapy and radiotherapy [3]. In this technique,
magnetic fluid hyperthermia (MFH), the MNPs are dispersed in a
nontoxic carrier fluid and subjected to an alternating magnetic field
(AMF). The heat generation is typically quantified by the specific ab-
sorption rate (SAR) or specific loss power (SLP), which is defined as the
thermal power per unit mass of magnetic materials [4-6]. Its magnitude
depends on both the intrinsic properties of the MNPs, such as phase
composition, shape, magnetic anisotropy, mean size, and size
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Fig. 1. (a) Schematic of the synthetic procedure for MnFe,04@mSiO, core-shell, (b) the function of CTAB in forming SiO, coating on MnFe,O4 NPs, and (c)

flowchart of the experimental procedure used for making MnFe,04@mSiO, NPs.
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distribution, and also on the extrinsic characteristics of the process, such
as alternating magnetic field parameters, like amplitude and frequency
[7,8]. To kill the cancerous cells, their temperature should rise to
42-48 °C for 30-60 min [9], the cancerous cells are more sensitive to
high temperatures than the healthy cells [7].

For MFH, research focuses on magnetite and maghemite NPs, which
have been proved to be well tolerated by the human body [10]. On the
other hand, the magnetic properties of the iron oxide NPs are difficult to
control by the synthesis process. A better alternative is the use of com-
plex magnetic oxides with physico-chemical and magnetic properties
controlled by compositional variations [11]. In this regard, ferrites with
a general formula MFe,04, where M stands for the divalent or trivalent
cations of transition metals, such as Fe, Ni, Mn, etc., with spinel structure
with 64 tetrahedral and 32 octahedral positions available for cations in
one unit cell, have been considered [12-14]. The cation types and their
distribution at tetrahedral and octahedral sites play an overwhelming
role in the physical and chemical properties of spinel ferrite NPs. Based
on the cation type and distribution, at both the foregoing-mentioned
sites, three types of spinel structures (normal, inverse, and mixed) can
be obtained [15]: normal spinel, where the structure consists of eight
tetrahedral voids occupied by one M2' and four octahedral voids
occupied by two Fe>* cations, while the oxygen anions are arranged in a
cubic close-packed structure. In the inverse spinel, half of Fe®* and all
M?2" are distributed at octahedral sites and the remaining half of Fe>*
occupy the tetrahedral sites. In terms of mixed ferrites, mixtures of both
oxidation states exist at both sites, depending on the synthesis method
[16,17]. Manganese ferrite (MnFe304) is an example of a mixed ferrite
with 80% normal and 20% inverse structure which acts as an inverse
spinel [18] and the preparation method of manganese ferrite MNPs
determines their final shape, size distribution, surface chemistry, and
magnetic properties [19-21]. There are an extensive diversity of syn-
thesis methods, ranging from electrospinning [22], sol-gel [23,24],
coprecipitation [25-27], solid-state reaction, such as high-energy ball
milling [28], to hydrothermal reaction [29,30], the majority of the
magnetic NPs being synthesized at nanometric scale because of the large
surface-to-volume ratio which yields favorable properties for biomedical
applications [23]. The hydrothermal technique is a promising approach
to achieve this target.

In addition, it is worth pointing out that ferrite NPs are generally
toxic, thus surface modification is required to use them in the human
body [31]. A variety of biocompatible materials have been developed for
hyperthermia application, e.g., inorganic compounds such as SiOy [32].
Amongst the wide spectrum of surface modification agents, the meso-
porous silica holds a unique position on account of its well-defined pore
structures, stability, nontoxicity, hydrophilicity, biocompatibility,
chemical inertness, low cost, and facile functionalization [33]. Thus, the
synthesis of magnetic MnFe;04 cores by tailoring the silica shell is of
particular interest in magnetic fluid hyperthermia due to MnFe304 su-
perior magnetization [34] and biocompatibility of SiOy [33].

The main draw of this study is to synthesize MnFeO4 NPs via the
hydrothermal method (using NH4OH and NaOH as reducing agents) and
coat them with SiO,. This is followed by the investigation of the effect of
the coating process on structure, morphology, toxicity, magnetic prop-
erties, hyperthermia efficiency, and MRI properties of the fabricated
materials.

2. Experimental
2.1. Materials

The chemical reagents used in this work were iron (III) chloride
hexahydrate (FeCls-6H30, Sigma-Aldrich, CAS-No: 10025-77-1), Man-
ganese (II) nitrate tetrahydrate (Mn(NOg3)2-4H20, Sigma-Aldrich, CAS-
No: 20694-39-7.), sodium hydroxide (NaOH, Sigma-Aldrich, CAS-No:
1310-58-3), ammonium hydroxide (NH4OH, Sigma-Aldrich, CAS-No:
1336-21-6) and deionized water.

2.2. Synthesis of magnetic nanoparticles (MNPs)

2.2.1. Synthesis of MnFe;04 NPs

MnFe;04 NPs were synthesized under different hydrothermal con-
ditions using NaOH or NH4OH as precipitating agents, the correspond-
ing samples being named MF; and MFs, respectively. FeCls.6 HyO and
Mn(NO3)3.4 Hy0, with stoichiometric ratio 2:1, were dissolved in 80 mL
of deionized water with the assistance of magnetic stirring at room
temperature. The pH value of the obtained solution was adjusted to 11
by adding dropwise 5 M NaOH or NH4OH. The obtained homogeneous
mixture was then transferred into a 100 mL-sealed Teflon-lined stainless
autoclave and heated at 190 °C for 24 h. After cooling to room tem-
perature, the obtained precipitate was washed several times with
distilled water and finally dried at 60 °C for 15 h.

2.2.2. Synthesis of MnFe;04 @mSiO2 nanoparticles

MnFe;04 @mSiO, (MFS; and MFS,) NPs were prepared by hydro-
lysis of Tetraethyl orthosilicate (TEOS) on the surface of both MF; and
MF,, respectively [32]. In brief, 0.5 g of the MnFe,O4 powder was
dispersed in 0.1 M HCl aqueous solution, and the mixture was ultra-
sonically treated for 10 min (Step1). To form the initial SiO layer on the
MnFey04, for 3 h (Fig. 1a), the MnFe;O4 NPs were then washed with
deionized water and dispersed in a solution of 100 mL deionized water,
360 mL ethanol, 5 mL ammonia solution, and 500 uL. TEOS using an
ultrasonic bath for 3 h (Fig. 1a). After the magnetic nanoparticles were
washed with deionized water (Step 2) and the obtained powders were
dispersed into the mixed solution of 400 mL ethanol, 300 mL H,0, 5 mL
ammonia solution, 1.5 g cetrimonium bromide (CTAB), which is a
strong cationic surfactant for dispersing, and pore-making agent to
provide ordered mesoporous silica shell [35-37]. After 2000 uL. TEOS
was dropped into the reaction solution. The mixture was then submitted
to an ultrasonic bath for 3 h. Fig. 1b illustrates the role of CTAB in
forming a porous SiOy layer on MnFe;O4 NPs. The obtained magnetic
nanoparticles were collected with a magnet and washed several times
with deionized water (Step 3). To remove the CTAB, the MnFey04
@mSiO, NPs were mixed with ethanol and acetic acid (95:5) and heated
at 70 °C for 3 h in 3-necked reflux. Finally, the last purifications were
performed by washing produced MnFe;O4 @mSiO, with deionized
water, ethanol, and methanol several times, followed by drying at 60 °C
for 24 h (Step 4). These processes are schematically shown in Fig. lc.
The silica formation mechanism on MnFe;04 NPs proceeds by nucle-
ation and growth [38]. Nucleation is the process in which the first
insoluble species, probably doubly hydrolyzed TEOS monomers, are
formed and precipitated. Growth, on the other hand, occurs both by the
addition of newly hydrolyzed monomers to these nuclei and by the ag-
gregation of small particles to form larger ones (not to be confused with
MnFe;04 NP aggregation). Although these two processes are closely
related and cannot be separated entirely, their relative contribution to
the whole reaction can be modified to some extent by manipulating the
reaction conditions.

2.3. Characterization

The Fourier-transform infrared spectroscopy (FTIR) measurements
were carried out on a BUCKER TENSOR 27 instrument to identify the
surface nature of MNPs in the range of 400-4000 cm .

A SIEMENS, D5000X-Ray diffractometer (XRD) with Cu-Ka radiation
(A = 1.54059 10\) was used to study the phase formation and the struc-
tural changes. To estimate the crystallite size (D) of the samples, from
the peak width, the Scherrer relation was considered [39]:

0.91

D= 1
bcosO M

where b is the full width of each peak at half maximum (FWHM), A is the
wavelength and 6 is the corresponding Bragg angle [39]. The lattice
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Fig. 2. FTIR spectra of the samples synthesized with NaOH (a) MF1 and MFS1 and with NH40H (b) MF2 and MFS2, (c and d) XRD patterns of the same samples with
inset showing the corresponding amplitude in log scale between 20 and 30 degrees, (e) Lattice parameter versus Nelson-Riley equation.

parameter (a) of the as-synthesized samples, was obtained considering
Bragg’s law (2 and 3) and Nelson-Riley (3) equations [15,40,41]:

n\ = 2dsin0 (2)

FO) = % cos’f(csc 0+ 1/9) 3)

The chemical composition of the core-shell and bare particles was
accessed by energy dispersive X-ray analysis (EDX)/mapping from
BRUKER XFlash® 6 | 10. Field-emission scanning electron microscopy
(FESEM) analyses were carried out to study the morphology of the
samples using the FEI Nova NanoSEM 450. The nanoparticles were also
characterized by transmission electron microscopy (TEM) using a
Hitachi H8100 with a digital image acquisition microscope. The particle
size distributions of the samples were determined statistically from the
size measurements of around 100 nanoparticles using the Image J
software.

The Brunauer-Emmett-Teller (BET) analysis was accomplished
through a physisorption analyzer (ASAP 2020, Micromeritics, USA). The
samples were first degassed at 35 °C under vacuum for 24 h and then,
the nitrogen adsorption-desorption isotherms of the degassed sample
were evaluated at 77 K. The BET calculation was conducted as a relative
pressure range from 0.06 to 0.20. The Barrett-Joyner-Halenda (BJH)
method, with the volume absorbed under a relative pressure (P/Po =
0.98), was employed to measure pore size distribution as total pore
capacity.

Magnetic characterization of the samples was performed using a QD-
MPMS SQUID magnetometer. The magnetization as a function of tem-
perature (M-T curves) was recorded in the temperature range of
10-380 K by applying a small magnetic field of 5 mT, after zero mag-
netic field (ZFC) cooling and after field cooling (FC). Hysteresis curves
were obtained at 300 K for magnetic fields up to 5.5 T.

The 5’Fe Méssbauer spectra were collected at room temperature in
transmission mode using a conventional constant acceleration spec-
trometer and a 50 mCi 57Co source in a Rh matrix. The velocity scale
was calibrated using an a-Fe foil and the spectra were fitted using the
WinNormos Program.

To investigate the specific absorption rate (SAR), homogeneous

MNPs suspensions in distilled water were prepared for three different
concentrations (4, 6, and 8 mg/mL) and the time-dependent tempera-
ture curves were recorded using a home-made set up for alternate
magnetic fields with 128 kHz frequency and 10 kA/m amplitude.

For MRI analysis, Five different concentrations of 10, 20, 30, 40 and
50 pg/mL were prepared in 10 mL of 1% agarose solution for each
sample. The samples were dispersed in a phantom that was scanned
using a clinical 3 T MRI (MAGNETOM Prisma, Siemens Healthcare,
Germany) using a turbo-spin-echo sequence (TSE) with a repetition time
(TR) = 3000 ms, 14 echo time (TE) starting from 10 to 140 ms with
increment of 10 ms and 2 mm slice thickness.

A custom-written MATLAB program was used to analyze the ob-
tained MRI images. Signal intensities of each phantom were curve-fitted
with time to obtain transverse relaxation times, To. Relaxation rates, Ry
inverse of T for each sample concentration were then used to measure ry
values according to the following equation:

Ry, - nCi+Ry @
where Ry; is the transverse relaxation rate (s 1) for the tube with con-
centration, C; (pg/mL). Ry, is the expected relaxation rate when no

sample was dispersed in the phantom.
2.4. Cell experiments

2.4.1. Cell culture

The cells were cultured in RPMI medium containing 10% bovine
serum and 1% antibiotic solution of Penicillin Strodemicin and stored in
an incubator at 37 °C under 5% CO condition.

2.4.2. Cytotoxicity study

The MTT assessment using 3- (4,5-dimethylthiazol-2-yl) 2,5-
diphenyltetrazolium bromide was employed to evaluate the cytotoxicity
of MF; and MFS; NPs. The viability of A549 cells was investigated. In
this method, 10,000 cells were transferred to 96-well plates and incu-
bated for 24 and 48 h prior to adding the nanoparticles. The synthesized
NPs were processed and applied in various concentrations (0, 25, 50, 75,
50, 100, 125, 150, 175 pg/mL), and the treated cells were incubated for
24 and 48 h. After that, 20 pL. of MTT solution (at a concentration of
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5 mg/mL) was added to each well of the plate and was incubated for 4 h,
followed by the addition of 200 uL of dimethyl sulfoxide. After 15 min of
incubation, the optical absorption of each well was measured at the
wavelength of 570 nm and a filter of 630 nm in the ELAIZE reader
system. According to the following equation, the results were calculated
as the percentage of cell survival [42]:

light adsorption of the treatment group

cell survival = ( ) x 100 5)

light adsorption of the control group

The experiments were repeated three times and the data were re-
ported as mean + deviation from the standard. Graphs were plotted
using GraphPad Prism2018 software.

2.5. DAPI-stained

After the course of incubation, the cells were treated with MnFe;04
and MnFe;04 @mSiO; NPs solutions, slowly washed with PBS and then
1% formalin was added for fixing the cells and after they were kept for
20 min in the refrigerator. Then, the obtained pellet was exposed to air
at room temperature for 5 min. Formalin was gently taken out from the
corners of the 24-well plate and then 4% of Triton was added to it
(Triton increases permeation of the DAPI cell membrane). After 15 min,
the cells were removed from Triton and washed with PBS. Finally, 1%
DAPI was added and after 20 s it was rewashed with PBS. Due to the
light sensitivity of the DAPI, this step was performed in a dark envi-
ronment. Cell nucleus morphology and changes in treatment were
examined by Inverted Fluorescent Microscopes.

All the steps were repeated at least three times. INSTATE 3 software
was used to analyze the data using ANOVA ONE-WAY. A p-value of less
than 0.05 was considered statistically significant.

3. Results and discussion
3.1. Absorption band evaluation by FT-IR spectroscopy

To evaluate the chemical absorption bands of the as-synthesized
samples, the FTIR spectra were recorded in the range of
400-4000 cm ! (F ig. 2a and b). Two main absorption bands associated
with atomic vibration of metal and oxygen ions occur at around
600 cm ! for the tetrahedral metal positions, and 400 cm ' for the
octahedral ones [32,39,43]. In the case of the MnFe204 NPs synthesized
with NaOH (Fig. 2a), the two absorption bands were observed around
419 and 564 cm 1, respectively, indicating that the Fe ions are distrib-
uted between octahedral and tetrahedral sites [39] indicating the
MnFe;04 phase formation, and in agreement with XRD results. The FTIR
spectrum also shows a characteristic peak at 1625 cm !, which is
associated with the O-H stretching bond [32,44]. Fig. 2b shows the
spectra of synthesized MnFe,04 NPs with NH4OH. According to Fig. 2a
and b, it is evident that different absorption bands appear, the position
being shifted due to influence of the reduction agent. Contrary to the
as-synthesized MnFe;O4 with NaOH, the Mn-ferrite prepared with
NH,OH, displays no peak around 400 cm !. The absorption peak related
to the vibrations of tetrahedrally coordinated metal ions in the spinel
structure appears at 565 cm 1 [42]. The band at 1629 cm ! is associ-
ated with the previous 1625 cm ! and a new absorption peak appears at
3131 cm 1, confirming the presence of O-H groups [32,39]. Another
extra peak at 1386 cm ! is associated with the symmetric vibrations of
the NO, [42].

In the case of MnFe;O4 @mSiO45 samples (MFS; and MFS,), some
extra peaks emerge compared with uncoated samples. As seen in Fig. 2a
and b, the peak positions of MFS, appear at wave number values slightly
higher than in MFS;. The absorption bands at 802 and 800 cm ! identify
the vibration modes of Si-OH of MFS; and MFS,, respectively. The peaks
observed at 1084 and 467 cm ! are attributed to Si-O-Si or Si-O of MFS;
and appear in MFS, at 1086 and 468 cm ! [8,31]. It is worth mentioning
that the supplementary peak at 1460 cm ! in MFS, sample is due to

Table 1
FTIR absorption bands of MnFe,O4 and MnFe,04 @mSiO, samples and their
assignment.

Assignment Band position (cm 1) Reference
MF; MF, MFS,; MFSy
Octahedral band 419 - - - [32,39,
43]
Tetrahedral band 564 565 571 574 [39,42]
Vibration of Si-OH - - 802 800 [8,31]
Vibration of Si-O-Si - - 1084 & 1086 & [8,31]
and Si-O 467 468
Symmetric vibration = - 1386 - - [42]
of NO,4
Vibrations of - - - 1460 [45]
CH;3-N*
Vibration of O-H 1625 3131 & 3390 & 3423 & [32,44]
1629 1631 1636

asymmetric G-H scissoring vibrations of a CH3-N" moiety in CTAB [45].
The new peaks indicate the complete formation of a silica shell onto the
surface of MnFeyOQ4 [35,46]. Described results are summarized in
Table 1.

3.2. X-Ray diffraction analysis

The X-ray diffraction patterns of the synthesized MnFe;O4 under
different hydrothermal conditions (MF; and MF,) and of the corre-
sponding silica-coated samples (MFS; and MFSy) are illustrated in
Fig. 2c and d. All diffraction peaks of MF; NPs (Fig. 2c¢) fit perfectly with
the standard spinel MnFe;04 (JCPDS Card no. 01-074-2403). Whereas,
in the case of the synthesized MF; NPs (Fig. 2d), a few extra peaks show
the presence of a second phase identified as hematite. In silica-coated
samples (MFS;, MFS,), a significant amorphous component is detected
in the XRD patterns, with a broad peak between 20 and 30’ depicting the
presence of silica [47].

To determine the lattice parameters with precision, the lattice
parameter determined from applying Bragg relation to each reflection
was plotted versus the Nelson-Riley function (Fig. 2e). The lattice
parameter was determined from the extrapolation to zero and, with
other properties of the synthesized and silica-coated samples (MF;, MF,,
MFS;, MFS,) are presented in Table 2. For all samples, the calculated
lattice parameters are similar and in agreement with the lattice pa-
rameters of 8.454 A, 8.479 A, and 8.49 A reported for MnFe,0, syn-
thesized via double ceramic processing technique [48] and chemical
co-precipitation route [49].

The calculated crystallite size using the Scherrer formula of synthe-
sized MnFe;04 NPs with NaOH (MF;) is 28 nm whereas the diameter of
synthesized MnFe,04 NPs with NH4OH (MF5) is 18 nm. The reported
crystallite size of MnFe;O4 NPs synthesized with other methods is
widely different. For example, in the case of the sol-gel auto-combustion
route [50] the obtained crystallite size is reported about 24.5 nm,
whereas 12 nm is the crystallite size of MnFe;04 NPs synthesized by the
polymer-pyrolysis method [51]. The crystallite size for coated samples is
equal to the corresponding uncoated MnFe;O4 NPs (see Table 2). For
silica coating onto the NPs, an increase [32] and also a decrease [52] in
the crystallite size of samples are reported.

3.3. Morphological and compositional observation

3.3.1. FESEM/ EDX/ mapping and TEM

The FESEM micrographs (with different magnifications) and EDX
spectra and mapping of synthesized and coated MnFe;04 NPs samples
are illustrated in Fig. 3. As is shown in Fig. 3a and b, the particles of MF;
and MFy have irregular shapes. EDX analysis confirmed the expected
(Fe, Mn, O) composition. The FESEM images of silica-coated MnFe;04,
MFS;, and MFS,, (Fig. 3c and d) show irregular particle morphology.
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Table 2
A summary of the magnetization and physical details of MnFe,O,4 and MnFe;04 @mSiO, nanoparticles in different references.
Ms (Amz/kg) nOH¢ (mT) T (K) Crystalline size (nm) Lattice parameter A) Reference
MnFe;04 MnFe;04 MnFe04 MnFe;04 MnFe;04 MnFe;04 MnFe;04 MnFe;04 MnFe;04 MnFe;04
@mSiO, @mSiO, @mSiO, @mSiO @mSiO,
70 44 6 6 330 360 28 28 8.499 8.475 This study (synthesized
via NaOH)
64 40 4 6 330 360 18 17 8.475 8.484 This study
(synthesized via
NH,OH)
50 20 ~0 ~0 - - - 9.8 - - [53]
54 44 ~0 ~0 - - 35 60 - - [32]
37 20 ~0 ~0 - - - - - [46]
(a) (b)
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Fig. 3. SEM-EDX spectrum and mapping of (a) synthesized MnFe,04 via NaOH (MF,), (b) synthesized MnFe,0,4 via NH4OH (MF,), (c) silica-coated of MF; (MFS;),

and (d) silica-coated of MF, (MFS,).

Contrary to bare manganese ferrite nanoparticles the silica-coated
nanoparticles are not aggregated as flakes, indicating the role of the
coating layer that prevents the MNPs from agglomeration. EDX/map-
ping analysis of MFS; and MFS, samples revealed the presence of Si in
addition to Fe, Mn, and O elements. The TEM images of the samples are
presented in Fig. 4a. The average particle sizes determined for MF; and
MF3 NPs are 27 and 31 nm, respectively. On the other hand, in the case
of MFS; the obtained histogram shows a bimodal distribution of the
particle sizes, with maxima at 50 nm and around 150 nm. For the MFS,
the obtained average diameter is 70 nm with a maximum at around
50 nm. TEM micrographs confirmed the complete formation of silica
shells on MnFe;O4 NPs.

3.3.2. Mossbauer spectroscopy

The ’Fe Méssbauer spectra of all four samples, acquired at room
temperature and under zero applied magnetic field are presented in
Fig. 4b, the results of the fitting procedures being shown in Table 3.

Significant features about the Mossbauer results are the confirma-
tion, as also detected by XRD, of the presence of around 10% of hematite
only in the samples prepared via NH4OH (orange subspectrum in MF2
and MFS2). Apart from that, all spectra need two sextets of distributed

magnetic hyperfine fields (Bys) to be properly fitted, one with isomer
shift, 8, values close to 0.3 mm.s ! and a second one with & values be-
tween 0.45 and 0.5 mm.s !. These features indicate, on one hand, the
presence of iron ions both in tetrahedral and octahedral positions of the
spinel structure and, on the other hand, the presence of iron ions of both
valences, 3 + and 2 + . This, together will the high mean values of By¢
with not very broad distributions ([c] between 5 and 9 T), is consistent
with the fact that the NPs sizes are not very small, because below 10 nm,
iron ions are normally all oxidized to 3 + .

3.3.3. BET

Fig. 5 demonstrates the BET results in the nitrogen adsorption/
desorption isotherms and at synthesized Mn ferrite via NaOH (MF;) and
silica-coated (MFS;) NPs and pore size distribution MFS;. From Fig. 5a,
the type (II) adsorption-desorption isotherm pattern of MF; indicates
MnFey04 NPs are non-porous or macroporous [54], whereas, in Fig. 5b
after coating with the silica shell, the isotherm alters to mesoporous type
(IV) [55]. Supplementary, the pore size distribution curve of MFS;
nanoparticle was sized between 2 and 50 nm, which is extra proof that
the nanoparticle is mesoporous [56]. Although the high X-ray density
and also the larger particle size of MFS; with comparison to MF;, the
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Table 3

Mossbauer hyperfine fitting parameters for all samples. <By¢> [6]: average magnetic hyperfine field and standard deviation of the magnetic field distribution; By
hyperfine magnetic field; §: isomer shift; e: quadrupole shift; QS: quadrupole splitting; I': line width; I: relative area.

Sample Site <Bye> [0] /T B¢ /T 5 /mm.s ! ¢ /mm.s ! QS /mm.s ! I /mm.s ! 1/%
MF, blue 45 (7] - 0.28(1) 0.01(1) - 0.34 58.8
green 44 (7] - 0.45(1) -0.02(1) - 0.30 39.8
red - - 0.16(3) - 0.34(5) 0.4(1) 1.4
MFS,; blue 46 (6] 0.31(1) 0.01(1) - 0.39 69.4
green 42 (9] 0.48(1) -0.02(1) - 0.37 28.6
red - 0.29(2) - 0.43(3) 0.39(6) 2.0
MF, bleu 46 (5] - 0.28(1) 0.01(1) - 0.34 56.9
green 43 (7] - 0.47(1) -0.01(2) - 0.30 33.6
orange - 51.4(1) 0.37(1) -0.20(1) - 0.26(1) 9.5
MFS, bleu 45 (5] - 0.29(1) 0.01(1) - 0.38 67.0
green 42 [7] - 0.51(3) -0.09(5) - 0.30 21.2
red - - 0.22(2) - 0.26(4) 0.39(6) 9.5
orange - 51.3(1) 0.36(1) -0.23(2) - 0.29(7) 2.3

show similar temperature dependence in the range of 10-380 K. The

40 ( a) [ magnetization versus temperature increases in all the samples due to the

35 progressive alignment of the NP magnetic moment in the applied field.

The surface area: 21.02 m2/g The main difference relies on the slope of the ZFC curves in the range

30 300-380 K, being much smaller in MF; than in MFs. The ZFC curves of

—a— Ads MFS; and MFS,, exhibit the same behaviour of the corresponding bare

25 4 —+—Des NPs, MF; and MF,, respectively. The lower magnetic moment of the
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Fig. 5. Volume adsorption of (a) MF; and (b) MFS; versus relative pressure and
pore size distribution.

BET surface area of bare MnFe,0,4 NPs is 21.02 m?/g and the surface
area of silica-coated MnFe;O4 NPs is approximately 10 times greater
than the uncoated NPs. The reason for this could be related to the role of
CTAB in the coating which is caused the formation of mesoporous silica
shells onto Mn-ferrite NPs (MnFe,O4 @mSiO»).

3.4. Magnetic measurements

Fig. 6a shows the temperature dependence of ZFC-FC magnetization
curves for synthesized MnFe,O4 NPs using NaOH (MF;) and NH,OH
(MF) and for the silica-coated powders MFS; and MFS,. All the samples

silica-coated samples is due to the increase of mass associated with the
presence of nonmagnetic silica [57].

Curves FC and ZFC join at the highest temperature and no maximum
is observed at lower temperatures. The temperature corresponding to a
peak maximum for a collection of monodisperse MNPs value of
magnetization is known as the blocking temperature (Tg) [58]. Different
Tp is expected since the samples are prepared in different conditions
[59]. The results indicate that T, will be reached above 380 K. The
mean blocking temperature (Tg) for a collection of NPs assembly is re-
ported to be less than the Tpax and is given by Trax = T, where S is a
constant and depends on the distribution of blocking temperatures and
on the strength of interparticle interactions [59,60]. Recently, the best
methods of estimating Tp of particles is the point at which the rate of
change of the difference (AM = MFC - MZFC) as a function of temperature
is maximum, which occurs to the left of the peak [61]. Fig. 6b shows AM
plots for the samples versus temperature indicating a smaller slope for
the MF; and MFS; samples compared with MFy and MFS; which in-
dicates wider Ty distribution for the former in comparison with the
latter. The average Ty can be determined by the maximum of the sym-
metric of the first derivative of AM as a function of temperature [59,60].
According to Fig. 6¢, the Ty is 330 K for the MF; and of the same order of
magnitude but not so well defined for MF;, whereas it is of the order of
360. K in MFS; and MFS,. The shift in Tg can be related to a broader size
distribution or an increase of the effective anisotropy constant (K;) due
to different strain and surface spin disorders, making them uniquely
suitable for high-density data storage and hyperthermia applications
[62,63]. A straight line in Fig. 6¢c describes non-interacting magnetic
nanoparticles with uniaxial anisotropy [60].

The magnetic hysteresis loops of synthesized MnFe;04 and silica-
coated NPs are shown in Fig. 6d. The MF; has the highest spontaneous
magnetization of all samples, about 70 emu/g. According to XRD re-
sults, this is explained by being the sample with larger particles. In the
case of coated samples (MFS; and MFSy), the smaller magnetization is
due to the presence of Si-O diamagnetic layer on the surface of MnFe;O4
NPs. The thickness of the dead layer in iron oxide NPs was calculated,
assuming spherical NPs, and using the spontaneous magnetization of the
bulk material for the ordered region, M;,, and the spontaneous magne-
tization of the NPs, Ms. [39]:

d M \?
=20 (M_>] ©)
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Fig. 6. (a) FC and ZFC magnetization curves, (b) AM plots versus temperature, (c) d(AM)/dT plots versus temperature, and (d) a room temperature M-H hysteresis of

the samples.

where, d is the particle diameter calculated from the Scherrer equation.
The thickness of the dead layer for both naked samples, MF; and MFy,
were found to be 0.6 nm, which is explained by oxidation and different
spin orientation at the surface. The silica layer in the coated powders,
MFS; and MFS,, was obtained from TEM images to be of the order of
15 nm.

As shown in Table 2, MF; NPs have higher coercivity than MFy,
which can be explained by their smaller average size and higher surface/
volume ratio. In the case of coated samples, both show the same
coercivity.

3.5. MTT assay

The MTT assay was used to estimate the cytotoxicity of the single-
phase Mn ferrite and the SiO,-coated ones. Fig. 7a, b, and ¢ show the
viability of A549 cells at different concentrations (25, 50, 75,
100,125,150 and 175 pug/mL) exposed to 24 h and 48 h measurement. It
can be clearly observed that the percent of cell viability depends on the
concentration of nanoparticles in the cell culture media and decreases
upon increasing nanoparticle concentration [42]. Also, the silica-coated
nanoparticles are more biocompatible than the bare particles for the
same concentration of samples. This is due to the fact that silica coating
protects MnFe,0O4 against acidic erosion which reduces cytotoxicity
[64]. At low concentrations, the well-dispersion of nanoparticles occurs,
thus, this facilitates their intracellular uptake and inhibits cellular
damage [64]. In the opposite limit, at higher concentrations, the over-
loading of particles yields the fatality of cells. Concentration-dependent
cytotoxicity of copper ferrite, potassium ferrite, manganese and zinc
ferrite have also been reported [64-66]. The viability of CuFe,O4 NPs

[65] and KFeO, [64] at100 g/mL exhibited 81.24% and 87%, respec-
tively, whereas, in the case of silica-coated ones are 125.76% and 91%,
respectively, which show the effect of SiO; coating. In another literature
[66], the viability of MnFe;O4 at A549 cancer cell with 0.2 mg/mL
concentrations obtained 79%, also in the case of ZnFe;0y, it was 47%.
All in all, in this study, for all concentrations of between 24 and 48 h
coated or uncoated samples, the values of cell the viability are more than
80%. These results indicate that both prepared samples exhibit low
cytotoxicity, satisfying one of the major requirements for biomedical
applications. However, the cell viability of MnFe;O4 and MnFeyO4
@mSiO, NPs witnessed a decrease after 72h in a dose-dependent
manner [67,68]. This stabilized at approximately 40% of that of the
control cells in response to NPs concentrations ranging from 150 to
175 pg/mL.

3.6. DAPI

In order to investigate the nuclear alterations of cells by synthesized
MnFey04 (MF;) and silica-coated NPs (MFS;), they were treated by
691 ug/mL concentration of MF; and 566 ug/mL of MFS; (these con-
centrations of powders showed an induction of apoptosis of 50% (IC50)
in A549 cells) then after 24 h, cells were stained with DAPI (blue). In
comparison with Fig. 7d, Fig. 7e and f, depict all cells that nanoparticles
had treated remained healthy due to the low penetration of both
nanoparticles into the cells and the high immunity of them which was
determined in the MTT test. On the contrary, after 72 h incubation of
MFS;, nanoparticles permeate into the cells and induce cell death
(Fig. 7g).
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and (j) SAR as a function of concentration.

3.7. Hyperthermia

The magnetic hyperthermia performance of the single-phase
MnFey04 and silica-coated NPs at a concentration of 4, 6 and 8 mg/
mL in deionized water are shown in Fig. 7h and i. The temperature rise
of the aqueous suspensions depends on the concentration of NPs. For the
MnFey04 NPs (Fig. 7h), the temperature has risen from 23 °C to 45 °C at
128 kHz frequency and 10 kA /m field and 8 mg/mL concentration for
1100 s. While, the temperature of two other samples with concentra-
tions of 6 mg/mL and 4 mg/mL increases to 39 °C and 30 °C, respec-
tively at the same time. This is in good agreement with the results
reported for the MnFe;O4 NPs with a 10 mg/mL concentration, at
1.95 MHz and 2300 A/m for 70 s [69].

The mechanism of MNPs heating under an alternating magnetic
field, is due to energy losses via magnetic hysteresis and relaxation
mechanisms [4,12]. The heat released depends on the frequency, the
square of the amplitude of the external field and the type and size of NPs
[6,11]. It should be noted that for NPs with negligible coercivity, hys-
teresis losses are almost absent, and heating arises from N é el and
Brownian relaxation mechanisms, the dominant one depending on the
particle size and distribution. Typically, for NPs of less than 20 nm is by
N é el relaxation dominates while, for larger sizes, Brown relaxation and
hysteresis losses are more important [5,12]. This magnetic energy
dissipation in ferrofluid samples (Fig. 7j) is measured in terms of specific
absorption rate (SAR) that can be obtained from the initial slope of
Fig. 7h and i as [4]:

Myaier ar

SARinear = =
! M, dt

7

where C is the specific heat capacity of suspension equal to 4.186 J/g °C,
‘% is the initial slope of time-dependent temperature curve, Myq.r and
M,, are the specific masses of the water and total ferrite content in the
suspension, respectively. According to the size of naked and silica-
coated MNPs, the main mechanisms for heat dissipation are expected
to be both Brown and N é el relaxation. The SAR values obtained for
bare and coated MnFep04 samples are 39. W/g and 29. W/g, respec-
tively. The effect of SiO, coating on SAR value is mainly dependent on
the type of basic MNPs [31,57,70]. For example, reported results on
silica-coated Fe3O4 [57] and CoFe;O4 and CoFey04. SiO5 [70] showed
that the coated samples had higher SAR than bare at a magnetic field of
180 Gauss; however, in a lower field (90 Gauss) both of them showed the
same SAR. In a different work [71], the silica-coated Fe304 NPs
exhibited a smaller SAR value than the pristine Fe304 NPs. Additionally,
according to other work [72] MnFe;O4 NPs showed 120 W/g SLP
because of the broad particle size distribution. In this study, results
showed that the SAR value of silica-coated samples decreased compared
to MnFe;04 NPs, as well. This is bound to the fact that the silica coating
significantly reduces the SAR value by hindering the heat flow, there-
fore, decreasing the heating efficiency [57]. This means that silica
coating on the NPs should be designed to be the minimum necessary to
keep the NPs stable in water, as well.
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3.8. MRI

Fig. 8 show the changes in MRI signal intensity for MF1 and MF1S
samples with time and sample concentration. The MF; exhibits a higher
ability as a Ty contrast agent with an apparent decrease in MR signals
with time and a higher decrease in contrast as concentration increases.
The Relaxivity ry value of MF; was found to be 1.04 pg/mL 's ! higher
than MFS; which was 0.32 pg/mL s 1. This showed that the ability of
MF; to induce local magnetic inhomogeneity was higher than MFS; and
it has the potential to be used as MRI T, contrast agent.

For comparison, a study measuring synthesized manganese-ferrite in
nanocomposites (14 nm particle size) at 3 T showed a ry value of
74mM ! s ! [73]. Another study of synthesized manganese ferrite
nanoparticles coated with silica showed ry value of 60.65mM ! s !
(14 nm particle size) when measured at 4.7 T [74]. When compared
with commercial Ty MRI contrast agents, Ferumoxides (Feridex) devel-
oped by AMAG Pharma (hydrodynamic diameter ~200 nm) reported ry
value of 98.3 mM ! s ! while Resovist (Ferucarbotran) developed by
Schering AG (hydrodynamic diameter > 50 nm) declared ry value of
151mM 's 'at1.5 T [75]. Thus, by comparing the r values reported
in this study with other manganese-based nanoparticles and commercial
T2 MRI contrast agents, we conclude that MF; can be used as an MRI Ty
contrast agent.

4. Conclusion

The MnFe,04 NPs were synthesized via a simple, bio-friendly and
low-cost hydrothermal route. The NPs were coated with inorganic
biocompatible SiO, with the assistance of CTAB and TEOS. The effect of
different reducing agents NaOH and NH4OH were explored, indicating
the formation of spinel MnFe;0O4 in both cases, single phased in the
former case and with small contamination of hematite in the latter one.

In both cases, the manganese ferrite particles were nanosized being
smaller in the case of the synthesis with NaOH. For the silica-coated
MnFe;04 NPs, a bimodal distribution with two average particle sizes
of 58 and 150 nm was determined from the TEM images. The samples
exhibited the expected ferrimagnetic behaviour. From the MTT assay for
all concentrations tested, the values of the cell toxicity were below 20%,
MnFe304 @mSiO5 NPs being more biocompatible than MnFe;04 NPs.
The high immunity of the cells to these nanoparticles, determined in the
MTT test, was explained by DAPI results that confirmed a low pene-
tration of both types of NPs into the cells. The results of MRI indicate
that the pristine MnFe;O4 NPs have the potential to be used as MRI
contrast agents with advantages compared to the silica-coated ones.
When studied for hyperthermia applications, the MnFe,0O4 @mSiO5 NPs
presented a smaller SAR value than the sample without SiO5, which can
be explained by the increase in the volume of these NPs that increases
the associated relaxation time or simply by the mass increase in the
normalization process. Summarizing, synthesized MnFe;O4 are better
candidates for MRI and hyperthermia targets than the corresponding
silica-coated NPs due to their superior efficiency as a T2 contrast agent
while displaying high biocompatibility and low toxicity.
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